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Everybody would agree that vision guides locomotion; but
how does vision influence choice when there are different
solutions for possible foot placement? We addressed this
question by investigating the impact of perceptual grouping on
foot placement in humans. Participants performed a stepping
stone task in which pathways consisted of target stones in a
spatially regular path of foot falls and visual distractor stones
in their proximity. Target and distractor stones differed in shape
and colour so that each subset of stones could be easily grouped
perceptually. In half of the trials, one target stone swapped
shape and colour with a distractor in its close proximity. We
show that in these ‘swapped’ conditions, participants chose
the perceptually groupable, instead of the spatially regular,
stepping location in over 40% of trials, even if the distance
between perceptually groupable steps was substantially larger
than normal step width/length. This reveals that the existence
of a pathway that could be traversed without spatial disruption
to periodic stepping is not sufficient to guarantee participants
will select it and suggests competition between different types
of visual input when choosing foot placement. We propose that
a bias in foot placement choice in favour of visual grouping
exists as, in nature, sudden changes in visual characteristics of
the ground increase the uncertainty for stability.
1. Introduction
Locomotion control results from large scale fusion of propriocep-
tive and other sensory information. In particular, vision plays a
crucial role in locomotion, and how it does so has been extensively
studied. Research on the visual impact on foot placement started
with an influential paper by Lee et al. [1] on visual control of
hitting the take-off board in long jump. Since then, the use of
2015 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
2rsos.royalsocietypublishing.org
R.Soc.opensci.2:150151
................................................
(a) (b)
Figure 1. Simple examples of perceptual grouping effects, in this case grouping on the basis of similarity: the panels illustrate how
changing the colour of dots alters perception from rows (a) to columns (b).
visual information to control step length has been investigated for running and walking alike [2–4].
Moreover, much is known of how vision is used to control stepping over obstacles (for recent reviews see
[5,6]), avoid collisions (e.g. [7]), stepping off kerbs (e.g. [8]) and for walking on complex terrain [9–12].
Recently, it has been suggested that during visually guided walking, humans make active use of the
mechanisms underlying bipedal gait by selecting the most energetically efficient footholds available,
based on visual information two steps ahead [13]. We were interested here whether a largely automated
sensory process in vision, perceptual grouping, would impact on foot placement. Would perceptual
grouping be able to bias foot placement choice away from spatially regular placement locations expected
for people walking on hard flat-level ground?
Perceptual grouping is a term used to cover a number of factors that produce well-known effects
on visual perception (for review see e.g. [14]): our visual environment is perceived as consisting of
organized wholes or patterns rather than individual items. Patterns are grouped on the basis of similar
visual properties, such as shape or colour; proximity; continuity and symmetry (see figure 1 for an
illustration). Originally investigated by the Gestalt psychologists, perceptual grouping phenomena are
nowadays thought to be based on largely automatic mid-level core sensory processes involved in figure-
ground segmentation and object recognition outside conscious awareness (but see [15] for the possibility
of incremental grouping processes in vision). Therefore, for the purposes of the present experiment, we
define locations that conform to some form of perceptually groupable properties or features as ‘visually
congruent’ and distinguish them from stepping locations that are spatially regular. The latter, henceforth
referred to as ‘spatially regular’ should support a stereotyped walking action at a comfortable pace for the
individual, as kinematics of locomotion on a continuous hard flat-level ground are known to show low
inter-stride variance [16,17]. We reasoned that spatially regular stepping locations should be sufficient
to explain participants’ foot placement choices. Note that both terms ‘spatially regular’ and ‘visually
congruent’ refer to different types of visual information that can be selected by participants to choose
where to place their feet.
In this experiment, we asked participants to follow a ‘stepping stone’ pathway that was projected onto
the laboratory floor. Each projected pathway consisted of targets and distractors. Targets were considered
to be spatially regular stepping locations. Distractors provided visual clutter and were projected in
different shape and colour, in locations inconsistent with spatially regular stepping stones; distractors
might be considered spatially irregular stepping locations. When a visual target is displayed with the
same visual characteristics of the other, perceptually grouped targets, we consider the corresponding
step to be visually congruent or unswapped. However, when a target is displayed with the visual
characteristics of a distractor, and a distractor is displayed in the shape and colour of an otherwise
visually grouped target, we consider the corresponding step to be visually incongruent or swapped.
Accordingly, note that for a visually incongruent trial, a distractor could also be described as visually
similar to the remaining stepping stones of interest while the target would be visually dissimilar.
The distance between targets was calculated using the formula step distance = 0.7 × leg length in line
with earlier studies [10,13] in order to provide a comfortable stepping distance for self-paced walking.
Additional spatially irregular stepping locations (‘distractors’) were projected as visual clutter, or noise,
on the surrounding floor (see figure 2 for an example). Participants were asked to walk at a normal
walking speed along the projected pathway, taking the most direct and most comfortable route to the
other end of the laboratory.
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Figure 2. Photograph of the projected pathway for an experimental trial. For demonstration purposes, the target and distractor location
of interest is here identified with a superimposed ellipse—in this example, the target location is visually incongruent, consisting of a
spatially regular target with visual features otherwise found in distractors, while the distractor location close by has the visual features
of the remaining target stepping stones.
There were two experimental conditions. In one condition, the visually congruent or unswapped
condition according to the definition above, all target locations were shown as the same type of visual
element (e.g. a light blue/cyan circle); a second type of visual element (e.g. a pink/magenta rhombus)
was consistently placed in distractor locations. In the second condition, the visually incongruent or
swapped condition, all target locations were shown as the same type of visual element except for one
target location which was presented with the visual features otherwise assigned to distractors, while
the distractor location in its proximity exhibited the visual features of the normal target location. In
other words, this exception step created a visual conflict between perceptually groupable but spatially
irregular foot placement choice (from now on referred to as incongruent visually similar or swapped visual)
and visually non-groupable but spatially regular foot placement choice (from now on referred to as
incongruent visually dissimilar or swapped spatially regular). The distance between target and distractor
was parametrically varied. The question we posed was to what extent, if any, would participants follow
the visual information they had been primed with from the visual grouping in the reminder of the path.
In other words, would participants deviate from the spatially regular stepping locations towards the
perceptually groupable stepping locations? Thus, would automatic perceptual grouping impact on foot
placement during walking?
Based on a substantial body of research on how vision affects locomotion during walking (for reviews
see [5,9,18,19]), we predicted that the parametric variation in distance between target and distractor in
the visually incongruent condition should bias participants towards preferring visually similar stepping
locations (that is, distractors projected with the visual features otherwise used for targets within the
path) for smaller distances, but towards spatially regular targets for larger distances. Furthermore, if
participants stepped on a perceptually groupable distractor instead of a non-groupable but spatially
regular target (a swapped step), in particular for larger distances between target and distractor, we
expected to find a larger error in stepping accuracy (interpretable as a cost related to the irregular
stepping action required for stepping on a perceptually groupable distractor), both for the step of interest
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as well as for the following step, analogous to increased errors observed for eye movement landing
positions in the decision making literature (e.g. [20–23]).
2. Material and method
2.1. Participants
Forty-seven participants took part in the experiment (male = 9). The age of the participants ranged from
18 to 66 years (M = 31, s.d. = 15.28). All the participants reported no neurological conditions that could
affect mobility and walking, and all had normal or corrected-to-normal vision. None wore multi- or
vari-focal glasses.
2.2. Materials
The experiment took place in the Bristol Vision Institute (BVI) Movement Laboratory at the University
of Bristol. The laboratory is equipped with multiple projectors (Optoma EW536, resolution 1280 × 800,
frequency 60 Hz) and a state-of-the-art motion capture system (Qualisys Motion Capture Systems,
operating at 128 Hz, with a spatial resolution of approx. 1 mm). The projectors, for displaying the stimuli,
and cameras for the motion capture system were mounted on metal racks surrounding the laboratory to
ensure comprehensive coverage. The floor area covered by the projectors was 2 m wide × 12 m long, with
the motion capture system covering an area of 2 m wide × 10 m (from 1 m into the projection path to 11 m
of the projected path) long × 2 m high. Side walls were covered with black curtain material. The mean
luminance of uniform white projected onto this floor area was 4.74 cd m−2; and participants were dark
adapted.
Each experimental trial consisted of a projected pathway comprising 16 target stepping stones
together with 20 distractors. The stimuli representing the target stepping stones and distractors were
shapes, circles or diamonds, coloured either light blue (cyan) (CIE xy : 0.258/0.331; 1.96 cd m−2) or pink
(magenta) (CIE xy : 0.297/0.178; 0.488 cd m−2). Colour and shape combinations were counterbalanced for
different pathways with each participant undertaking 40 trials, one trial per condition. Distractors were
placed randomly from a target, at a distance of at least eight times the radius of a target, in order to
minimize visual interference. However, for one of the stepping stone locations (the location of interest),
the distractor was displayed (pseudo-)randomly either to the north, south, east or west of the target at a
predefined distance. The predefined distance was either 25%, 30%, 35%, 40% or 45% of the participant’s
step length and was pseudo-randomly varied between trials. The target location of interest was placed
randomly between the 9th and 13th step. A photograph from an experimental trial is shown in figure 2.
To produce walking pathways that were visually comparable between participants and for which at
the same time stepping stone locations corresponded as much as possible to estimated footfall locations
for walking at a self-selected comfortable walking speed, we calculated the distance between each
stepping stone for each participant as 70% of their leg length [10,13] (measured from greater trochanter
of the hip to floor; mean leg length 88.98 ± 4.87 cm s.d.). The lateral distance between the centres of
successive stimuli was fixed as 25% of leg length. Note, that while this distance is wider than the average
step width of 13% leg length found by Donelan et al. [24], it means that, owing to the radius of the
stimulus, the distance between the closest lateral points of successive stimuli was 15% of leg length.
As a consequence, the landing area for each step has a diameter of 10% of leg length, between 15 and
25% of leg length from the nearest point of a preceding or successive stimulus. The radius of individual
stimuli (target and distractor) was scaled for each participant to 5% of their leg length (in the case of
diamond-shaped images, the radius was averaged).
Three 20 mm diameter spherical infrared reflectors were used per foot to enable the motion capture
cameras to record foot trajectory and foot landing point. The reflectors were attached by double-sided
tape to the talus, and the heads of the 1st and the 5th metatarsal. The spatial location (landing point)
of the foot was measured relative to the centre of the target stepping location. The experiment used
a repeated measures design with independent variables step type (congruent; incongruent), distractor
location (north, south, east and west of the target location) and distance (25%, 30%, 35%, 40%, and 45%
step length) as described above. Note that in subsequent analyses, we split trials for the incongruent
step type into two groups, depending on whether participants stepped onto the non-groupable but
spatially regular target (incongruent dissimilar/swapped spatially regular) or on the groupable distractor
(incongruent similar/swapped visual).
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2.3. Procedure
Before arrival of the participants, both visual projection and three-dimensional motion capture system
were calibrated and aligned with each other. On arrival, participants provided written consent, and
their leg length was measured and entered into the computer controlling the construction of the trial
pathways. Then, the infrared markers were attached to participants’ feet.
At the beginning of the experimental session, participants were asked to stand on a fixed
starting point, and the following instructions about the experimental procedure were read out by the
experimenter.
‘For this task, I would like you to walk normally across the room, using the stepping stones projected
onto the floor, and get to the end of the path as directly as you can—which stepping stones you use, that
is, how they look, doesn’t matter.’
Note that we explicitly included the comment that the visual characteristics of the stepping stones
did not matter to try to address issues of demand characteristics [25]; in other words, we tried to
avoid situations in which, if participants were good at picking up the experimenter’s intentions and
conforming to them, they simply stuck to the perceptually grouped path because they thought that that
was the main task demand.
Two practice trials and 40 experimental trials (2 [swapped/unswapped] × 5 [distractor distances] ×
4 [distractor locations]) took place consecutively, with the participant immediately returning to the
fixed starting point for the next trial unless a refreshment break was requested. On completion of the
experiment, participants would sit down for the removal of the infrared reflectors, and were asked to
explain what they thought the experiment had been about. After this, they were given a debriefing
sheet and the opportunity to ask any questions. Participants were then thanked and escorted from the
laboratory.
2.3.1. Preparation of motion capture data
Data from the motion capture system were provided as three-dimensional coordinates, x = transverse,
y = direction of travel and z = vertical, for every 1/128th of a second for every trial. Preparation of these
data was required in order to identify the actual landing points and to calculate the angle and distance
of the landing points from the target points. This was carried out by identifying when the forward
movement of the foot is zero (or, in practice, less than a threshold value; in the present case 1 mm).
The data were smoothed using a simple moving average of differences and then selecting the point of
least change where the mean is less than the threshold.
3. Results
Following data preparation as described above, and accounting for practice steps and data not being
correctly recorded, the maximum number of location-of-interest steps (1974 = 47 participants × 40 trials)
was reduced to 1740 (872 congruent/unswapped and 868 incongruent/swapped), corresponding to a
loss of 11.8% of data for further analysis. The distance of the landing points from the centre of the chosen
stepping stone was calculated for: (i) the location of interest, (ii) some control steps (steps 1–3 of the
recorded path), (iii) one step before the target step (before step), and (iv) the step immediately following
the location of interest (after step). A representation of the landing points (foot placements) for the target
conditions are shown in the polar plot, figure 3.
From visual inspection of the top polar plot in figure 3, it is clear that a substantial proportion
of footfalls to target steps for incongruent/swapped conditions were made to the visually similar
distractor position and not to the spatially regular target position, in line with our hypothesis that
low-level visual factors such as perceptual grouping might be able to bias foot placement decisions.
However, taken together with the multiple distances between location-of-interest targets, the distribution
of steps meant that we needed an objective way to quantify which steps were to targets (incongruent
dissimilar/swapped spatially regular) and which were to distractors (incongruent similar/swapped
visual). While we could potentially use a very simple algorithm to decide where people step, namely
estimating which stepping stone, the spatially regular target or the visual distractor, was closest to
the foot placement, we reasoned that such a measure might misclassify steps because of a step-to-step
variability in length, width and timing of human gait that occurs even for normal obstacle-free walking
on even ground [17,26]. Also, we expected inter-individual differences in foot placement on the
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Figure 3. Polar plot showing the distance of the actual landing point from the target location (a) for visually incongruent/swapped trials
and (b) for visually congruent/unswapped) trials. The centre of the polar plots, (0, 0), represents the spatially regular target location;
distractor locations (inner—0◦, north—90◦, outer—180◦ or south—270◦ positions) at each of the distances in step length (0.25%,
0.3%, 0.35%, 0.4% and 0.45%) are represented by the thick black circles with the actual footfalls relating to each distance shown as red,
green, blue, magenta and black, respectively.
stones that were unrelated to our question. Therefore, we quantified foot locations instead by fitting
a two-dimensional Gaussian mixture model (GMM) to our data.
A GMM is a probabilistic model which assumes that data points are generated from a mixture of a
finite number of Gaussian distributions with unknown parameters. Fitting the best mixture of Gaussians
for a given dataset (as measured by the log likelihood) results in a probability distribution of classes
that can be used to predict the probability (posterior) of new data points belonging to those classes.
Fitting GMMs is an example of an unsupervised learning method, and while this does not guarantee the
optimal solution, models do converge quickly to a ’local’ optimum. To improve the quality of the model,
it is common practice to fit many of these models, and then choose the model that best fits the data, often
on the basis of log likelihood or similar approach. In the present case, using GMM functions provided
by MATLAB, a mixture of two Gaussians was fitted to the data for each stepping distance. The results of
this process are shown in table 1 and figures 4 and 5.
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Figure 4. The percentage of footfalls made to visual distractors in incongruent target trials based on the fitted GMMs for each distractor
distance (in step length). The light bars represent steps to spatially regular but visually dissimilar locations (swapped spatially regular),
and the dark bars to visually similar locations (swapped visual). Error bars are±1 s.e.m.
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Figure 5. Ellipses representing 1 s.d. from the mean for the distributions of steps made to each location at each of the five stepping
distances. Eccentricity for steps in the congruent (unswapped) trials is shown with dashed lines for the distributions estimated by the
GMM. The eccentricity for steps in the incongruent/swapped trials are shown in red, green, blue, magenta and black, respectively,
according to the displacement of the incongruent distractor stepping stone, at 0.25, 0.30, 0.35, 0.40 and 0.45 of step length, for the
estimated GMM distributions. Note that footfalls have been rotated around the spatially regular target stepping stone centre so that the
direction of movement of the step is always to the right of the target location—this can be seen clearly for the steps onto the visual
distractor elements in the incongruent (swapped) condition, showing consistent under-stepping towards the spatially regular target.
Table 1 summarizes the results from the GMM and provides descriptive statistics for each
of the conditions (congruent/unswapped, incongruent similar/swapped visual, and incongruent
dissimilar/swapped spatially regular) for each of the five target distances. In figure 4, the percentage of
footfalls made to visual distractors and spatially regular target stepping stones for incongruent/swapped
trials, as estimated by the GMM, is shown. From this figure, it can be easily seen that, even for large
distractor distances of 45% of a step, participants still followed the swapped visual distractor input
instead of the incongruent but spatially regular target in more than a third of steps. However, with
increasing distractor distance, the bias between visually similar versus spatially regular but visually
dissimilar input seems to change in favour of the latter, in line with expectations derived that humans
use visual information to choose footholds that allow a more comfortable and spatially regular action,
potentially supporting recent suggestions by Matthis & Fajen [13] of visually guided optimal exploitation
of the passive mechanical structure underlying the human bipedal locomotion system. This latter idea
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Figure 6. Representations of the mean squared error for (a) the step before the actual step of interest (before), (b) the actual step of
interest (target), and (c) the step after the actual step of interest (after) for each of the two foot landing choices (swapped visual and
swapped spatially regular) for incongruent trials, and for the congruent condition, averaged across all target distances. Error bars are
±1 s.e.m.
finds further support by the data presented in figure 5, where the stepping error relative to the centre of
the chosen stepping location is plotted. While stepping accuracy was clearly centred around the actual
centre of the stepping stone for visually congruent targets, stepping on visual distractors in the visually
incongruent condition led to consistent under-stepping, perhaps reflecting some sort of cost in making
this choice.
To establish the extent that stepping accuracy (i.e. the above-noted under-stepping) was affected
by the choice of visual input or, in other words, to confirm whether there was competition between
spatially regular stepping information and perceptual grouping information, we analysed the distance
of the landing point from the centre of the stepping location participants had chosen. Analogous to
saccadic eye movement accuracy to targets in the presence of distractors (e.g. [20,21]), we reasoned that,
if stepping choice was affected by competition between two stepping alternatives, this should lead to
a cost in stepping accuracy. As seen in figure 6b and statistically confirmed by a multi-way ANOVA
(see below), this was unsurprisingly the case (see also figure 4). We also compared the variability of the
accuracy of the step before the location-of-interest step and the step immediately after the location-of-
interest steps. The former would indicate whether participants planned their steps in advance as seen for
obstacle avoidance or walking on complex terrain (e.g. [10,13,27,28]); something for which no indication
was found in our data (figure 6a). The latter would simply confirm that steps differing in length and/or
width from the average step length/width impact stepping accuracy; participants’ steps for elements
following a step to a visually similar but spatially irregular location in a swapped trial were more variable
than those following a step to a visually congruent/unswapped target or a visually dissimilar/spatially
regular location in a swapped trial (figure 6c), which was statistically confirmed (see below).
A multi-way ANOVA with condition (congruent/unswapped, incongruent/swapped visual and
incongruent/swapped spatially regular), and position (before, at and after target) as independent
variables, and variance of accuracy as the dependent variable, revealed main effects of condition
(F2,5186 = 14.95, p< 0.001) and position (F2,5186 = 23.28, p< 0.001), together with a significant interaction
between condition and position (F4,5186 = 6.88, p< 0.001). Tukey’s test revealed a reliable difference
between target steps in each condition (all p ≤ 0.001). Tukey’s test also revealed a reliable difference
between steps to incongruent visually similar locations and the other two conditions, unswapped
(p = 0.004) and incongruent visually dissimilar/swapped spatially regular (p = 0.008); thus confirming
our hypothesis above.
4. Discussion
When participants were requested to step on predefined stepping stones, they often preferred less
spatially regular stepping locations, if these stepping locations were visually similar with earlier stepping
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locations. Such stepping on visually similar, but spatially irregular stepping locations comes with a cost
in stepping accuracy and leads to consistent ‘under-stepping’ in the direction of the spatially regular
stepping location. Taken together, these findings suggest that, when it comes to foot placement decisions,
there is direct and possibly biased competition between perceptual grouping and spatially regular visual
input more consistent with the low inter-stride variance usually observed for kinematics of locomotion
on a continuous hard flat-level ground (e.g. [16,17]).
Given only minimal guidance, namely to ‘walk normally across the room using the stepping stones
projected onto the floor’, participants followed those elements that were consistent with spatially regular
stepping and, at the same time, could be perceptually grouped. However, if there was a conflict between
visual similarity and spatial regularity, participants chose, in more than one-third of steps, the visually
similar, thus perceptually groupable, foothold over the spatially regular, but visually dissimilar one—
even in situations in which the visually similar stepping stone was 45% of a step length away from the
spatially regular foot placement, and thus let to a sequence of irregular steps with substantial increase in
inter-stride variance.
Before concluding that mid-level visual processes such as perceptual grouping can indeed cause a
change in stepping behaviour from that expected in the presence of a set of periodically spaced stones
that could be traversed with low inter-step variance at constant speed, we first need to consider caveats.
The first caveat concerns the question of whether our distractor placement was far enough away from
a spatially regular foot placement to increase inter-step variance over and above that usually present
and comfortable, and whether our definition of spatially regular, comfortable stepping stone locations
was close enough to the stride length and width an individual would chose. Indeed, it needs to be kept
in mind that our calculation of a spatially regular, comfortable foot placement for an individual was
purely based on recommendations from the literature that on hard level ground, on average, participants
have a steady, highly regular walking pattern that is related to a participant’s leg length [10,13] and to
keep visual characteristics of our floor patterns as comparable as possible across participants. In reality,
the exact relationship between leg length and average step length varies across participants [24,29]
and might also change with the particular walking task (free walking versus stepping on stepping
stones). Moreover, each step within an individual varies slightly in length, width and timing, even
for normal obstacle-free walking on even ground (e.g. [16,17,26,30]). If participants were to set their
feet straight into the centre of the projected stepping stones, this would have resulted in a step width
of 20% of their leg length as compared with the preferred step width of 13 ± 3% reported in the
literature [24]. Could both, a possible consistent offset from a participant’s natural step length/width
and their natural stepping variability have resulted in a misclassification of steps in favour of visual
targets in close proximity to spatially regular targets in the swapped condition? For several reasons,
we think that this is unlikely. First, both consistent offset from a participant’s comfortable step length
and intra-individual step variability should impact on swapped and unswapped trials alike, leading
for unswapped conditions to a higher percentage of stepping on ‘distractor’ footholds, at least for
distractors in close proximity (25% of a step length); this is something the results of our GMM do not
suggest. Second, stepping variability inherent in the kinematics of locomotion on hard flat-level ground
is approximately 2 to 3 cm in regard to step width and 1.5 to 2.5 cm in regard to step length (data taken
from [30]) and thus several magnitudes below the distances induced in our samples. Third, even if an
additional step variability of 25% of step length away from the average spatially regular placement
as used for the closest target–distractor distance were because of noise in the locomotor system and
thus had nothing to do with competition between different visual inputs, such an explanation is far less
likely for the largest target–distractor distance that required a misplacement of 45% of step length. Last
but not least, the steps of interest were notably less accurate when participants placed their feet onto
the visually similar instead of spatially regular stepping stone in swapped trials. Moreover, we found
that participants consistently understepped (i.e. foot placement erred toward the spatially regular target
instead of landing in the centre of the actual stepping stone). This suggests that foot placement was
affected by perceptual grouping, leading to a cost in terms of accuracy of stepping on a selected stone.
This cost remained for the steps immediately following the step-of-interest, further supporting ideas of
competition between different visual options for foot placements.
Even though we explicitly instructed participants to ignore stepping stone shape and colour, we
primed them towards a specific colour/shape combination at the beginning of any given trial, so cannot
entirely exclude the possibility that participants consciously ‘stuck’ to the perceptually grouped path,
because they thought that this was what was required. We think that demand characteristics being the
cause of our findings is unlikely as, when asked at the end of the session, none of our participants was
able to deduce the goal of the experiment or to describe the manipulations we had tested. Also, we would
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have expected no impact of target–distractor distance on step choice frequency in such a case. To exclude
conscious selection of perceptually grouped elements, however, future experiments could manipulate
cognitive load of the task to decrease the likelihood of participants actively considering stepping stone
colours when choosing their next foot placement location.
Given that we show competition between visual input favouring perceptual grouping and visual
input encouraging regular stepping, then the question of why mid-level perceptual Gestalt criteria
should be able to directly impact on foot placement choice in the absence of obstacles remains. Here
we can only speculate. From an evolutionary perspective, an animal might want to avoid any change
of visual characteristics of the ground, as outside the laboratory, such changes most probably indicate
a change of material characteristics/terrain and, therefore, indicate increasing uncertainty or ambiguity
with regard to stability and locomotion safety. Of course, perceptual grouping is only one of a range
of mid-level visual processes that might impact on foot placement, but the general idea is clear. If
the location of the next potential foot placement looks similar to the one before, then it is more
predictable and presumably, safer. We must anticipate the outcome of each movement through incoming
sensory information and any change in the immediate environment must evoke preparedness for further
movement. In this, the ability to predict the outcome of future events is vital for effective movement and,
therefore, a particularly important brain function [31,32]. Outcome prediction is at the root of every
decision, weighing information we already know, what our body is capable of and what our goal is (why
we move) together with incoming sensory information, following the logic: ‘I’ve stepped on this before
and haven’t fallen/slipped/tripped, so I can rely on that particular surface with known prior risk’. The
complex problem of where, in space and time, foot and ground meet, must be solved and choices made
accordingly, to avoid injury [33].
Walking on uneven, i.e. changing, terrain has been shown to be more energetically costly [34],
and to lead to a substantial increase in muscle activity and mechanical work. Therefore, it would
be interesting to investigate whether the expected energy consumption when stepping on spatially
regular but visually dissimilar locations differs from stepping on perceptually groupable steps [24,29,35]?
If so, higher energy consumption would be expected for stepping on spatially regular but visually
dissimilar locations in swapped trials than in unswapped trials to prepare for possible stepping
hazards. Future experiments might address this by recording electro-myographic and metabolic energy
data [36,37] to identify changes in muscle activity related to different types of visually guided foot
placement choice.
In summary, using a basic phenomenon in visual perception, namely perceptual grouping, we
investigated how a perceptually grouped pathway of regularly spaced stepping stones containing, in
visual terms, a single displaced step, affects kinematics of gait in an environment with visual distractors.
We found that, even for the displaced step, participants followed visual input based on perceptual
grouping rather than stepping on a step that would allow them to continue a spatially regular walk,
in more than one-third of the trials, but not without significant error in foot placement accuracy. The
observed pattern of ‘under-stepping’ points towards (biased) competition between different kinds of
visual input when it comes to choosing foot placements. Our results thus show that the existence of
a pathway that could be traversed without spatial disruption to periodic stepping is not sufficient to
guarantee participants will select it. Future experiments will have to investigate what the consequences
of such visually driven choices are for the locomotor system.
Ethics. Prior to the commencement of the experiment, participants provided their informed written consent in
accordance with the revised Declaration of Helsinki, and the experiment was approved by the Ethical Committee
of the Faculty of Science, University of Bristol.
Data accessibility. At the time this study was performed, participants consented to the data of this study being used
to promote scientific knowledge and for no other purpose than research. Therefore, completely open access of the
data would contravene consent and ethics approval. However, for bona fide researchers, the fully anonymized dataset
(as tab separated value files (.tsv files) for the 3D-motion capture QTM data, and as MATLAB (.mat) files for the
corresponding floor projection parameters) has been deposited into the University of Bristol Research Data Repository
(http://data.bris.ac.uk/data/dataset/7zl3gh7ipvm51hbg4zdzndqrv). A metadata record is openly available by the
repository, with a link (email) to the Research Data team at Bristol who provide information how data can be accessed
by bona fide researchers, and who will assess the motives of potential data reusers before granting access to the data.
No authentic request for access will be refused and reusers will not be charged for any part of this process.
Authors’ contributions. J.F. carried out data acquisition, analysed the data and drafted the manuscript. C.G. helped with
data acquisition. J.F., U.L. and J.F.B. conceived of the study. U.L. coordinated the study. All authors were involved in
the study design, contributed to the interpretation of the data and helped in drafting the manuscript. All authors gave
their final approval for publication.
Competing interests. We declare we have no competing interests.
12
rsos.royalsocietypublishing.org
R.Soc.opensci.2:150151
................................................
Funding. This research was supported by an equipment grant from the Wellcome Trust (WT089367AIA) to set up the
laboratory, and a grant awarded to U.L. by the BRACE Charity (Bristol Research into Alzheimer’s and Care of the
Elderly) http://www.alzheimers-brace.org/. J.F. was paid by the BRACE Charity grant awarded to U.L. The funders
had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript.
Acknowledgements. The authors thank Kat Daniels for her helpful comments on an earlier version of this manuscript and
David W. Redmill for his technical support with experimental set-up and data handling.
References
1. Lee DN, Lishman JR, Thomson JA. 1982 Regulation
of gait in long jumping. J. Exp. Psychology: Hum.
Percept. Perform. 8, 448–459.
(doi:10.1037/0096-1523.8.3.448)
2. Berg WP, Mark LS. 2005 Information for step length
adjustment in running. Hum. Mov. Sci. 24, 496–531.
(doi:10.1016/j.humov.2005.07.002)
3. Patla AE, Robinson C, Samways M, Armstrong CJ.
1989 Visual control of step length during
overground locomotion: task-specific modulation of
the locomotor synergy. J. Exp. Psychol. 15, 603.
(doi:10.1037/0096-1523.15.3.603)
4. WarrenWH, Yaffe DM. 1989 Dynamics of step length
adjustment during running: a comment on Patla,
Robinson, Samways, and Armstrong (1989). J. Exp.
Psychol. 15, 618–623.
(doi:10.1037/0096-1523.15.3.618)
5. Marigold DS, Andujar JE, Lajoie K, Drew T. 2011
Chapter 6: motor planning of locomotor
adaptations on the basis of vision: the role of the
posterior parietal cortex. Prog. Brain Res. 188,
83–100. (doi:10.1016/B978-0-444-53825-3.
00011-5)
6. McVea DA, Pearson KG. 2009 Object avoidance
during locomotion. Adv. Exp. Med. Biol. 629,
293–315. (doi:10.1007/978-0-387-77064-2_15)
7. Basili P, SaglamM, Kruse T, Huber M, Kirsch A,
Glasauer S. 2013 Strategies of locomotor collision
avoidance. Gait Posture 37, 385–390.
(doi:10.1016/j.gaitpost.2012.08.003)
8. Buckley JG, Timmis MA, Scally AJ, Elliott DB. 2011
When is visual information used to control
locomotion when descending a kerb? PLoS ONE 6,
e19079. (doi:10.1371/journal.pone.0019079)
9. Marigold DS, Patla AE. 2008 Visual information from
the lower visual field is important for walking
across multi-surface terrain. Exp. Brain Res. 188,
23–31. (doi:10.1007/s00221-008-1335-7)
10. Matthis JS, Fajen BR. 2014 Visual control of foot
placement when walking over complex terrain. J.
Exp. Psychol. Hum. Percept. Perform. 40, 106–115.
(doi:10.1037/a0033101)
11. Rhea CK, Rietdyk S. 2011 Influence of an unexpected
perturbation on adaptive gait behavior. Gait Posture
34, 439–441. (doi:10.1016/j.gaitpost.2011.06.011)
12. Warren Jr WH, Young DS, Lee DN. 1986 Visual
control of step length during running over irregular
terrain. J. Exp. Psychol. Hum. Percept. Perform. 12,
259–266. (doi:10.1037/0096-1523.12.3.259)
13. Matthis JS, Fajen BR. 2013 Humans exploit the
biomechanics of bipedal gait during visually guided
walking over complex terrain. Proc. R. Soc. B 280,
20130700. (doi:10.1098/rspb.2013.0700)
14. Wagemans J, Elder JH, Kubovy M, Palmer SE,
Peterson MA, Singh M, von der Heydt R. 2012
A century of Gestalt psychology in visual
perception. I. Perceptual grouping and
figure-ground organization. Psychol. Bull. 138,
1172–1217. (doi:10.1037/a0029333)
15. Roelfsema PR, Houtkamp R. 2011 Incremental
grouping of image elements in vision. Atten.
Percept. Psychophys. 73, 2542–2572.
(doi:10.3758/s13414-011-0200-0)
16. Owings TM, Grabiner MD. 2004 Variability of step
kinematics in young and older adults. Gait
Posture 20, 26–29. (doi:10.1016/S0966-6362(03)
00088-2)
17. Collins SH, Kuo AD. 2013 Two independent
contributions to step variability during over-ground
human walking. PLoS ONE 8, e73597.
(doi:10.1371/journal.pone.0073597)
18. Marigold DS, Patla AE. 2008 Age-related changes in
gait for multi-surface terrain. Gait Posture 27,
689–696. (doi:10.1016/j.gaitpost.2007.09.005)
19. Patla AE. 1997 Understanding the roles of vision in
the control of human locomotion. Gait Posture 5,
54–69. (doi:10.1016/S0966-6362(96)01109-5)
20. Findlay JM, Blythe HI. 2009 Saccade target
selection: do distractors affect saccade accuracy?
Vision Res. 49, 1267–1274. (doi:10.1016/
j.visres.2008.07.005)
21. Findlay JM, Brown V. 2006 Eye scanning of
multi-element displays. II. Saccade planning. Vision
Res. 46, 216–227. (doi:10.1016/j.visres.2005.07.035)
22. Stritzke M, Trommershauser J, Gegenfurtner KR.
2009 Effects of salience and reward information
during saccadic decisions under risk. J. Opt. Soc. Am.
A Opt. Image Sci. Vis. 26, B1–13.
(doi:10.1364/josaa.26.0000b1)
23. Shankar S, Massoglia DP, Zhu D, Costello MG,
Stanford TR, Salinas E. 2011 Tracking the temporal
evolution of a perceptual judgment using a
compelled-response task. J. Neurosci. 31,
8406–8421. (doi:10.1523/jneurosci.1419-11.2011)
24. Donelan JM, Kram R, Kuo AD. 2001 Mechanical and
metabolic determinants of the preferred step width
in human walking. Proc. R. Soc. Lond. B 268,
1985–1992. (doi:10.1098/rspb.2001.1761)
25. Intons-Peterson MJ. 1983 Imagery paradigms: how
vulnerable are they to experimenters’ expectations?
J. Exp. Psychol. Hum. Percept. Perform. 9, 394–412.
(doi:10.1037/0096-1523.9.3.394)
26. Bauby CE, Kuo AD. 2000 Active control of lateral
balance in human walking. J. Biomech. 33,
1433–1440. (doi:10.1016/S0021-9290(00)00101-9)
27. Fajen BR, Warren WH. 2003 Behavioral dynamics of
steering, obstacle avoidance, and route selection. J.
Exp. Psychol. Hum. Percept. Perform. 29, 343–362.
(doi:10.1037/0096-1523.29.2.343)
28. Patla AE, Adkin A, Martin C, Holden R, Prentice S.
1996 Characteristics of voluntary visual sampling of
the environment for safe locomotion over different
terrains. Exp. Brain Res. 112, 513–522.
(doi:10.1007/BF00227957)
29. Donelan JM, Kram R, Kuo AD. 2002 Mechanical work
for step-to-step transitions is a major determinant
of the metabolic cost of human walking. J. Exp. Biol.
205, 3717–3727.
30. Owings TM, Grabiner MD. 2004 Step width
variability, but not step length variability or step
time variability, discriminates gait of healthy young
and older adults during treadmill locomotion. J.
Biomech. 37, 935–938.
(doi:10.1016/j.jbiomech.2003.11.012)
31. Llinas R. 2001 I of the vortex: from neurons to self.
Cambridge, MA: MIT Press.
32. Haefner RM, Gerwinn S, Macke JH, Bethge M. 2013
Inferring decoding strategies from choice
probabilities in the presence of correlated
variability. Nat. Neurosci. 16, 235–242.
(doi:10.1038/Nn.3309)
33. Kording KP, Wolpert DM. 2006 Bayesian decision
theory in sensorimotor control. Trends Cogn. Sci. 10,
319–326. (doi:10.1016/j.tics.2006.05.003)
34. Voloshina AS, Kuo AD, Daley MA, Ferris DP. 2013
Biomechanics and energetics of walking on uneven
terrain. J. Exp. Biol. 216, 3963–3970.
(doi:10.1242/jeb.081711)
35. Donelan JM, Shipman DW, Kram R, Kuo AD. 2004
Mechanical and metabolic requirements for active
lateral stabilization in human walking. J. Biomech.
37, 827–835. (doi:10.1016/j.jbiomech.2003.
06.002)
36. Labini FS, Ivanenko YP, Cappellini G, Gravano S,
Lacquaniti F. 2011 Smooth changes in the EMG
patterns during gait transitions under body weight
unloading. J. Neurophysiol. 106, 1525–1536.
(doi:10.1152/jn.00160.2011)
37. Marigold DS, Patla AE. 2005 Adapting locomotion to
different surface compliances: neuromuscular
responses and changes in movement dynamics. J.
Neurophysiol. 94, 1733–1750. (doi:10.1152/
jn.00019.2005)
